Protein kinase A (PKA) is a ubiquitous phosphoryl transferase that mediates hundreds of cell signaling events. During turnover, its catalytic subunit (PKA-C) interconverts between three major conformational states (open, intermediate, and closed) that are dynamically and allosterically activated by nucleotide binding. We show that the structural transitions between these conformational states are minimal and allosteric dynamics encode the motions from one state to the next. NMR and molecular dynamics simulations define the energy landscape of PKA-C, with the substrate allowing the enzyme to adopt a broad distribution of conformations (dynamically committed state) and the inhibitors (high magnesium and pseudosubstrate) locking it into discrete minima (dynamically quenched state), thereby reducing the motions that allow turnover. These results unveil the role of internal dynamics in both kinase function and regulation.
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allostery | cooperativity | phospholamban | substrate recognition | intrinsically disordered proteins P osttranslational phosphorylation is among the most common mechanisms of cell signaling both in eukaryotes and prokaryotes (1) . Phosphorylation is orchestrated by kinases, which are involved in many vital cellular functions including metabolism, growth, and cell differentiation, and they target substrates localized in several compartments, including cytoplasm, mitochondria, plasma membrane, sarcoplasmic reticulum membrane, nucleus, microtubules, and actin filaments (2) . The human kinome (the collection of all human protein kinases) accounts for approximately 2% of the entire genome and therefore encompasses the largest family of enzymes (3) .
In addition to differential expression in various cellular sites, kinases are activated or deactivated and localized by cofactors and ancillary regulatory proteins to achieve precise control over time and space. Protein kinase A (PKA) is considered the prototype for the protein kinase family (4) . PKA exists as an inactive heterotetrameric assembly with two catalytic subunits (PKA-C) bound to a dimer of regulatory (R) subunits. PKA-C is unleashed upon β-adrenergic stimulation, which disassembles the heterotetramer. The R subunits are responsible for the localization of PKA-C via interactions with A kinase anchoring proteins to achieve spatial control (5) .
The heat stable protein kinase inhibitor (PKI) also controls PKA activity and localization (5) . This small protein comprises a high-affinity pseudosubstrate region that binds competitively to the substrate binding groove, as well as a nuclear export signal, directing PKA to locations outside the nucleus (6) . Binding of PKI to PKA-C forms a complex in which the enzyme is poised for catalysis (correct positioning of atoms), but remains locked due to the lack of a hydroxyl group acceptor (3) .
The bean-shaped fold of PKA-C is highly conserved (4), with two lobes (small and large) undergoing structural rearrangements during the substrate recognition and product release steps of catalysis (3) . Three major conformational states of PKA-C have been identified by X-ray crystallography along various stages of the catalytic cycle (3) : open (apo form), intermediate (binary form), and closed (ternary complex). NMR dynamic measurements (7) linked the major conformational states along the reaction coordinates, showing the critical role of the enzyme's internal dynamics (the equilibrium fluctuations that allow the exploration of the free energy landscape) for protein kinase function. Specifically, the rates of conformational fluctuations are correlated with the transition from closed to open conformations. These fluctuations are synchronous with the enzyme rate-limiting step (product release), underscoring the prominent role of conformational dynamics in substrate recognition and catalysis (7) .
Understanding how PKA-C interacts with both substrates and inhibitors from both a structural and dynamic perspective will define general criteria for activation and deactivation of protein kinases, with obvious repercussion in the design of new drugs. Here, we examined the effects of inhibitors on the conformational dynamics of the enzyme: a competitive peptide inhibitor corresponding to the inhibitory region of PKI (PKI 5-24 ) (8) and magnesium, which under high concentrations behaves kinetically as a noncompetitive inhibitor of PKA-C (9, 10). The combination of high Mg 2þ concentrations with PKI has implications for the cellular control of PKA-C activity to arrest transcription during mitosis (11, 12) . By comparing the results with those obtained in the presence of a peptide substrate (7) which competes with PKI 5-24 at the binding groove of PKA-C, we found that both PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and excess Mg 2þ restrict the enzyme dynamics on a fast (picosecond to nanosecond) and slow (microsecond to millisecond) NMR timescale without drastically changing the conformation of the ternary complex. Inhibitor binding modifies the energy landscape by restricting the motions of the enzyme backbone (13) . These findings unveil a relatively unexplored role of magnesium in protein kinase regulation and establish a paradigm for the design of protein kinase inhibitors.
Results
Thermodynamics of Binding and Enzyme Stability. To compare the effects of binding substrates and inhibitors to PKA-C, we synthesized two peptides: the first peptide corresponding to the cytoplasmic domain of phospholamban (PLN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , an endogenous inhibitor for the sarcoplasmic reticulum Ca-ATPase and native substrate of PKA-C in cardiac muscle (14) ; and the second peptide corresponding to PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] (Fig. S1 ). Crystallographic data and enzyme kinetic assays indicate that these peptides compete for the same binding site in PKA-C (4, 7). Enzyme thermostability and binding thermodynamics experiments were carried out at low and high concentrations of MgCl 2 . At low concentrations of MgCl 2 , PKA-C binds one cation, the primary Mg 2þ ion, essential for enzyme activity (9) . At high concentrations of MgCl 2 , PKA-C binds a secondary Mg 2þ ion, which inhibits catalytic activity in a noncompetitive manner (9) .
To measure the dissociation constants for PKA-C bound to substrate or inhibitor peptides, we employed isothermal titration calorimetry (ITC). The ITC measurements reveal that PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] binds to PKA-C 25 times more tightly than PLN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (Fig. 1A and Table S1 ). This difference in affinity is amplified by ADP to 40 times, reflecting the strong cooperative effect between PKI and nucleotide (15, 16) . Remarkably, PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and PLN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] have different thermodynamics of binding (Fig. 1A) . PLN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] binding to PKA-C is dominated by a favorable overall entropy to the binding free energy (ΔG). The presence of ADP increases the favorable entropy of binding, resulting in an enhanced binding affinity, revealing a positive cooperativity similar to that of Kemptide (17) . In contrast, the binding of PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] to PKA-C is enthalpically driven, overcoming an unfavorable entropic contribution to ΔG. Although the B factors from crystal structures of PKA-C complexes containing either PLN 1-20 or PKI 5-24 suggest more favorable enthalpy for binding the inhibitor (more favorable intermolecular interactions), the structures alone are not adequate enough to predict these opposite thermodynamic driving forces to binding. The presence of ADP reduces the unfavorable entropy of binding PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , leading to a higher binding affinity and greater positive cooperativity (approximately 800 times).
Thermostability measurements revealed that PKI 5-24 conferred significantly greater stability to PKA-C than the substrate. Thermal melting of PKA-C bound to nucleotide, substrate, and inhibitor was monitored with CD spectroscopy (Fig. 1B) at low and high Mg 2þ concentrations. Apo-PKA-C melted at 47°C, whereas under low Mg 2þ , the nonhydrolyzable nucleotide, adenosine 5′-(β,γ-imido)triphosphate (AMP-PNP), shifted the melting temperature (ΔT m ) by approximately 1°C and the ternary complex with PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] shifted ΔT m by approximately 2°C, consistent with previous reports using adenosine 5'-[γ-thio]triphosphate (18, 19) . However, unlike the increased stability for PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , addition of PLN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] to the binary complex had a negligible effect on ΔT m . High Mg 2þ shifted ΔT m by approximately 1°C for both the nucleotide bound form and ternary complex with PLN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In contrast, ΔT m was shifted the furthest in the presence of PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and high Mg 2þ (ΔT m ∼ 4°C), indicating a synergistic effect of stabilizing the enzyme when both inhibitors are present.
Taken together, the calorimetry and thermostability measurements indicate that PKI 5-24 binds to PKA-C with an opposite enthalpic/entropic balance than PLN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Whereas substrate binding is entropically driven and confers little thermostability, inhibitor binding is enthalpically driven and significantly enhances the thermostability of the enzyme.
Chemical Shift Perturbations Map the Transitions from Open to Closed
State. The residue-specific changes in the amide backbone of PKA-C upon binding AMP-PNP, and followed by substrate or inhibitor peptides at low magnesium were monitored by 1 H∕ 15 Ntransverse relaxation-optimized spectroscopy (TROSY)-heteronuclear single quantum coherence NMR spectroscopy. As demonstrated with the seven-residue peptide, Kemptide (17) , the overall trend in chemical shift changes from these titrations correlate with the displacement of C α atoms observed by X-ray crystallography (Fig. S2 A-C) . However, the chemical shift perturbations were generally small (hΔδi ∼ 0.04 ppm), with AMP-PNP binding accounting for the majority of the differences (Fig. 1C and Fig. S2 D-G) . Both PLN 1-20 and PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] binding to the binary complex gave similar Δδ relative to the apo state (hΔδi ∼ 0.04 ppm; Fig. 1 C and D) . Binding of a secondary Mg 2þ ion to the PKA-C∕AMP-PNP∕PKI 5-24 complex resulted in no appreciable effects in the enzyme fingerprint as demonstrated by the correlation plot in Fig. 1E . These data indicate that (i) once the nucleotide is bound to the enzyme, only minimal structural changes occur for the transitions from intermediate to closed state, and (ii) the conformation of the enzyme bound to the peptide inhibitor closely resembles the substrate bound conformation. However, small but significant chemical shift differences (Δδ ∼ 0.01-0.04 ppm) are present in catalytically important regions of the enzyme (Fig. 1 F and G) , such as the glycine-rich, activation, DFG (Asp 184 -Phe 185 -Gly 186 ), and peptide positioning loops, which are conserved throughout all protein kinases (3). Strikingly, chemical shift changes were linear from apo-PKA-C to binary and ternary complexes with substrate or inhibitor peptide, and finally to the ternary complex with inhibitor peptide at high magnesium (Fig. 1F ). This linearity between the different complexes indicates that the enzyme undergoes fast exchange between the major conformations and that the populations are shifted by ligand binding. Nucleotide binding shifts the conformational ensemble from the open to the intermediate state. Subsequent binding of substrate or inhibitor skews the population toward the closed states. Although there is a clear distinction between the apo and nucleotide bound forms, the differences in chemical shifts between various ternary complexes are minimal (Fig. 1F ). The latter indicates that both substrate and inhibitors shift the population toward closed states, which are structurally quite similar.
Inhibitor Binding Quenches the Dynamics in the Enzyme Backbone.
The combination of thermodynamics and chemical shift perturbations show that the ternary complexes formed by the enzyme with substrate or inhibitor differ in thermostability, but not significantly in structure. To probe the internal dynamics of the enzyme, we used nuclear spin relaxation measurements for fast, picosecond to nanosecond [T 1 , T 2 , and heteronuclear (H-X) NOE], and slow, microsecond to millisecond (R ex ), dynamics on the NMR timescale for each complex (20) . Our data show that the PKA-C∕AMP-PNP∕PKI 5-24 complex with two Mg 2þ ions bound is the most compact with the fastest overall tumbling rate (T 1 ∕T 2 ratios) and least flexible (increased in H-X NOEs and longer T 2 values; Fig. 2 , Fig. S3 A and B, and Table S2 ). This finding is in agreement with previous fluorescence anisotropy studies (21, 22) . More importantly, a comparison of the ternary complexes with one Mg 2þ ion reveals that the PKA-C∕AMP-PNP∕ PKI 5-24 complex has substantially decreased picosecond to nanosecond dynamics with respect to the PKA-C∕AMP-PNP∕PLN 1-20 complex ( Fig. 2 and Table S2 ). This decrease becomes more apparent under high Mg 2þ concentrations. The quenched fast dynamics for the PKA-C∕AMP-PNP∕PKI 5-24 complex indicates a decrease in conformational entropy of the enzyme. Although quenched dynamics cannot be directly compared to the macroscopic methods of thermodynamics, a decrease in conformational entropy agrees qualitatively with the trend of unfavorable overall entropy of binding and the enhanced enzyme thermostability.
The analysis of inverse peak heights at temperatures ranging between 22-33°C suggests a marked decrease in conformational exchange (i.e., slow dynamics on the NMR timescale) for PKA-C upon inhibitor binding (Fig. S3 C-E). We quantified the microsecond to millisecond conformational exchange rates (R ex ) across the enzyme backbone and found diminished values for the ternary complex with PKI 5-24 compared to the ternary complex with substrate (7) (see Materials and Methods, Fig. 2 , and Table S2 ). Addition of the inhibitory Mg 2þ ion to the ternary complex with PKI 5-24 resulted in nearly absent microsecond to millisecond dynamics (Fig. 2) . Quenched dynamics are evident for regions surrounding the conserved loops at the active site of PKA-C.
PKA-C Energy Landscape. To define the energy landscape and interpret the dynamics for each form of PKA-C along stages of the catalytic cycle, we carried out molecular dynamics (MD) simulations of PKA-C in water using the apo, binary (nucleotide bound), and ternary complexes (containing PLN 1-20 or PKI 5-24 , see SI Materials and Methods for experimental setup and data analysis). In each case, the calculations were carried out in the presence of either one or two bound Mg 2þ ions to model the low and high Mg 2þ conditions used experimentally (3). Rmsd plots vs. time showed that PKA-C structure reaches a fairly stable minimum after approximately 20 ns (Fig. S4A ), whereas root mean square fluctuations (rmsf) confirmed that the most dynamic regions of the enzyme reside in the proximity of the catalytically important loops (3, 7) (glycine-rich, activation, DFG, and peptide positioning loops), as well as some of the structural elements such as the B helix, H helix, F helix, with significant fluctuations detected for the N and C termini (Fig. S4 B and C) .
The conformational interconversion of the enzyme through different states identified by X-ray crystallography (Table S3) were monitored using principal component analysis (PCA) (23) .
The PCA results show the directionality and amplitude of protein motions, in which the first several principal components are correlated with large conformational changes. PCA analysis has been widely to interpret conformational variations observed experimentally (24) (25) (26) . Moreover, PCA analysis provides a reasonable method to extrapolate a relatively short MD trajectory to provide a qualitative description of motions occurring over a longer timescale (27) , such as the opening and closing events probed by NMR spectroscopy (7) .
We calculated the PCA for the PKA-C complex with PLN 1-20 , and found that the first two components account for approximately 60% of variance in coordinates during the MD simulations (Fig. S4D) . The first principal component (PC1) describes the opening and closing of the two lobes of the enzyme, whereas the second component (PC2) describes shearing between the lobes (Fig. 3A and Fig. S4 E and F) . To probe the opening and closing of the active site cleft (4, 7), we also monitored the interatomic distance between Ser 53 and Gly 186 (d S53-G186 ) (3) during MD trajectories (Fig. 3A) with respect to PC1. This 2D plot (Fig. 3B ) describes relative motion between the two lobes and the opening and closing of the active site. As points of reference, the crystallographic structures were plotted on this graph. The comparison of the conformational ensemble sampled by the MD simulations and the X-ray structures representative of the three conformational states are reported in Table S4 .
The apoenzyme (orange trace) samples a broad distribution of conformations identified by X-ray crystallography (Fig. 3B) Calculations with the second Mg 2þ ion resolves the degeneracy of the conformational states and defines localized minima (Fig. 3B) : The binary form of the enzyme populates inter- mediate conformational states, the ternary complex with the conformational space defined by the corresponding substrate has d S53-G186 values clustered near the intermediate and closed states, and, strikingly, the ternary complex with inhibitor overlaps with the crystallographic structures (Fig. 3B , Bottom Right).
The results from MD simulations corroborate the NMR and thermodynamics data, providing a framework to interpret the experimental results in terms of the energy landscape. Although the linchpin role of Mg 2þ ions in both stabilization of the pyrophosphate group of ATP and local rigidification of the glycinerich loop has been previously reported (28) , our simulations reveal that the effect of Mg 2þ binding is a global phenomenon, affecting the overall dynamics of the enzyme and trapping it in inert states.
Discussion
The transitions between open and closed states in PKA-C are driven by internal dynamics, which plays a major role for substrate recognition and turnover (7) . The nucleotide acts as a dynamic and allosteric effector, causing a population shift of PKA-C from open to closed states and selecting for dynamically committed states-which are defined as nearly isoenergetic conformations compatible with catalysis that interconvert rapidly. The rates of the structural fluctuations between these states are sensitive to nucleotide binding, which increases the substrate binding cooperatively via a conformational selection mechanism (7). More importantly, the rates of the enzyme conformational fluctuations are synchronous with the enzyme rate-limiting step (i.e., ADP release), underscoring the prominent role of conformational dynamics in substrate recognition and catalysis (7) . The unique aspect about the current study is the link between restricted conformational dynamics and enzyme inhibition, establishing a paradigm for controlling protein kinase activity.
Based on our previous data (7, 17) and this work, we propose that the energy landscape of PKA-C comprises dynamically uncommitted, committed, and quenched states. Ligand binding (via nucleotide, substrates, or inhibitors) drives the enzyme to select these different states (Fig. 4) . The apoenzyme is characterized by a dynamically uncommitted state-it can explore the energy landscape to access open and closed conformations, but does not transition between these conformations on a timescale relevant for catalysis (7) . The dynamically committed states of the protein kinase occupy conformational space in which the active site cleft opens and closes on a timescale optimal for turnover. These fluctuations are induced by nucleotide binding, which acts as a dynamic and allosteric activator (7), coupling the small and large lobes, completing the catalytic spine of the enzyme (29, 30) , and preparing the active site for substrate binding. This event differentiates protein kinases from small molecule kinases, such as adenylate kinase, because the assembly of the spine architecture is a prerequisite for protein kinase activation (29, 30) . Substrate bound PKA-C retains sufficient conformational motions, maintaining the enzyme in a dynamically committed state for product release and turnover (7) . Although the dynamics are on a slower timescale than the chemical step (phosphoryl transfer), they position and prepare the substrate for catalysis. In contrast, dynamically quenched states of inhibited PKA-C are characterized by narrow, deep wells with high-energy barriers between conformations and hinder opening/closing of the active cleft. The two inhibitors analyzed here (PKI 5-24 and excess Mg 2þ ) raise the energy barriers of the conformational landscape, generating discrete minima with quenched dynamics. This phenomenon may explain why, in general, crystal structures of protein kinases have been more accessible in their inhibited forms while substrate bound forms have been elusive to such analyses.
More importantly, these results support a possible role of magnesium for regulation and localization of PKA-C in the cell. Reports indicate that Mg 2þ concentrations can change depending on the cell compartment (31) and phase of the cell cycle (11, 32) . Specifically, nuclear concentrations of Mg 2þ increase substantially during mitosis (11) . This increase triggers binding of PKA-C to PKI with high affinity (10), causing PKA-C to be exported from the nucleus, and arresting transcription (12) . Such a mechanism of inhibition and localization exploits the enhanced affinity of PKI in the presence of high Mg 2þ (10). Interestingly, enhanced binding affinity in the presence of excess Mg 2þ was also reported for the type I (but not the type II) regulatory subunit of PKA (10) . Because the regulatory subunits are localized differently within the cell where Mg 2þ concentrations may vary (33, 34) , gradients in Mg 2þ concentration would offer another form of localization and control. Therefore, Mg 2þ can potentially act as a rheostat for the strength of PKA regulation, dictate its compartmental localization, and influence the overall effect on biological function.
Allosteric enzymes often exist in ensembles of conformations, where catalytic efficiency is achieved by excited states able to cross inherently low-energy barriers between major conformations (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) . Although the dynamics measured by NMR do not influence the chemical step of catalysis directly (45) , it has been shown that intrinsic protein dynamics is the driving force for crossing potential energy barriers with ligands, such as cofactors or substrates, activating or deactivating enzyme dynamics to modulate biological function (35, 41, (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) .
Although our findings are limited to the system studied here, the mechanism of inhibition via quenched dynamics may play a role in other systems. In fact, recent studies on dihydrofolate reductase (56), triosephosphate isomerase (57), ribonuclease A (58), HIV-1 reverse transcriptase (59) , and imidazole glycerol phosphate synthase (60) show that slow microsecond to millisecond motions are severely dampened when these enzymes are inhibited (56, 59, 60) or when catalytically hindering mutations are introduced (57, 58) .
Our results demonstrate that the inhibition of PKA-C is marked by changes in intrinsic dynamics. These findings are timely, as they suggest a mode by which inhibitors could be designed to modulate PKA activity. Protein kinase inhibition is an important therapeutic avenue for treating diseases (61) (62) (63) . Although many therapeutic agents targeting protein kinases are competitors for the nucleotide binding site, there is a growing interest in developing inhibitors that bind at remote sites (i.e., Abl kinase), working through an allosteric mechanism of inhibition (63, 64) . Although we have previously described an allosteric network of communication in PKA-C modulated by conformational dynamics (7, 17) , the current results reveal a role of this network in the enzyme inhibition. Gaining control of PKA-C through competitive or allosteric modulation of dynamics is an exciting possibility for further research.
Materials and Methods
Protein Expression and Purification. PKA-C was expressed and purified from Escherichia coli according to procedures previously published (17, 65) . The enzyme concentration was determined spectrophotometrically by A 280 (A 0.1% ¼ 1.2) and its activity was tested using the standard substrate Kemptide. Peptide synthesis of PKI 5-24 was performed on a microwave synthesizer and purified using reverse-phase high-pressure liquid chromatography.
ITC Measurements. ITC data were acquired on a microcalorimeter (MicroCal Inc.). Stock solutions of PKA-C, PLN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and PKI 5-24 were dissolved in 20 mM phosphate buffer (pH 6.5) containing 180 mM KCl and 4 mM MgCl 2 , and degassed. Titrations were conducted at 27°C using 0.1 mM PKA-C in the absence or presence of 6 mM AMP-PNP and with a stock of synthetic peptide (1.8 mM). The samples were stirred at 410 rpm. Twenty injections were separated by 300 s of equilibration (5 μL for the first, followed by 10 μL for each of the remaining). A one-site binding model was assumed and the data were fit using MicroCal Origin software (version 5.0). Circular Dichroism. Concentrated stocks of PKA-C were diluted to 5 μM in CD buffer [10 mM piperazine-N-N′-bis(2-ethanesulfonic acid), pH 7.0, 150 mM NaCl], in the presence of 0.48 (low Mg 2þ , 1∶1.2 Mg 2þ :nucleotide) or 3.0 mM MgCl 2 (high Mg 2þ , 5∶1 Mg 2þ :nucleotide), 0.60 mM AMP-PNP (selected samples), and 15 μM peptide (selected samples). Samples were incubated over a range of 25-75°C at 1°C∕ min in a rectangular quartz cuvette in a Jasco J-815 spectropolarimeter. Spectra were acquired at 222 nm following an equilibration time of 10 s. A blank consisted of all reaction components except PKA-C and was subtracted from each spectrum. The data were fitted to a two-state sigmoidal unfolding model using Origin 8.0 (Microcal) using T m as the midpoint. Errors were derived from nonlinear least squares fitting of the data.
Acquisition of NMR Data. NMR samples consisted of approximately 500 μM PKA-C, dissolved in buffer. Low (1∶1.2 Mg 2þ :nucleotide) or high (5∶1 Mg 2þ :nucleotide) Mg 2þ conditions were done under 10 or 60 mM Mg 2þ , respectively. Experiments were carried out on a Varian instrument operating at 800.29 MHz 1 H Larmor frequency at 33°C. The data were processed with NMRPipe (66) and analyzed with SPARKY (67). Relaxation experiments were described previously (68), with TROSY-detection (69) and a spectral width of 10,500 Hz (2,200 Hz) for the 1 H ( 15 N) dimension. R 1ρ measurements used a 1,500 Hz spin-lock field strength centered at the 15 N carrier frequency. R 1ρ values were converted into R 2 as described (70) .
R ex was measured as described previously (71) . Briefly, the detection of α, β, or longitudinal two-spin order magnetization (I zz ) during a Hahn echo period (2∕J NH ¼ 10.8 ms) was used in the following relationship (72):
where
and ρ β ¼ I β ∕I α . Experiments were recorded in triplicate and in an interleaved manner to obtain I zz , I α , and I β . The value hκi was obtained from the trimmed mean of all 15 N resonances that did not exhibit chemical exchange.
Verification of R ex was done by measuring inverse peak heights (Î) at decreasing temperatures (73), as described in SI Text. Resonances that experienced conformational exchange diminished in peak intensity more significantly with decreasing temperatures (73) (Fig. S3 C-E) .
MD Simulations. MD simulations were set up using CHARMM c36a1 and run with NAMD using the crystal structures described in the SI Materials and Methods. All structures were solvated in a TIP3 water box with K þ and Cl − added as counter ions to reach an ionic strength of approximately 150 mM. Following an initial equilibration, 75 ns MD simulations for each system were performed at constant temperature and pressure. Rmsd, rmsf, and PCA for all simulations were performed as described in the SI Materials and Methods. Side-chain protecting groups were 2,2,5,7,8-pentamethylchroman-6-sulfonyl for arginine, N ω -triphenylmethyl for asparagine and glutamine, tert-butyl ester for glutamic acid, and tert-butyl ethers for serine, threonine, and tyrosine. Deprotection of the resin-bound peptide was done using Reagent K (82.5% TFA, 5% phenol, 5% thioanisole, 2.5% 1,2-ethandiol, and 5% water) for 3 h at 298 K. The resin mixture was washed three times (2 mL each) using the same cocktail, and filtrate was collected. The peptide was precipitated overnight at 273 K in 80 mL of diethyl ether, then collected by centrifugation, and washed three times with 30 mL of diethyl ether. The crude peptide was then purified by preparative HPLC using a Waters C18 reversed-phase cartridge (2.5 × 10 cm, 15 μm, 300 Å) with 0.1% TFA and CH 3 CN as eluents with detection at 220 nm. A linear gradient of 100∶0 to 70∶30 over 30 min at 5 mL∕ min was used. Purities of pooled fractions were >97% as determined by analytical HPLC using a Vydac C18 column (0.46 × 25 cm) and confirmed by electrospray ionization time-of-flight mass spectrometry; for protein kinase inhibitor peptide PKI 5-24 , a calculated m∕z of 2,222.4, m∕z 2,222.1 found. Stock aliquots were prepared in water and lyophilized. Concentrations of these solutions were verified by amino acid analysis.
NMR Spectroscopy. NMR buffer consisted of 90 mM KCl, 20 mM KH 2 PO 4 (pH ¼ 6.5, uncorrected for deuterium istope effects), 10 mM octanoyl-N-methylglucamide, 12 mM adenosine 5′-(β,γ-imido)triphosphate (AMP-PNP), 20 mM DTT, and 5% D 2 O. Mapping of slow conformational interconversion rates (R ex ) along the amide backbone was performed using methods established by Wang et al. (1) . Briefly, a modified transverse relaxation-optimized spectroscopy sequence allowed the detection of the α, β, or the longitudinal two-spin order magnetization (I zz ) during a Hahn echo period set to 2∕J NH (10.8 ms). The detection of these states allowed the measurement of the cross-correlated relaxation rates between dipole-dipole relaxation and chemical shift anisotropy (η xy ), and the in-phase nitrogen amide transverse relaxation rate (R 2α ), which can be used to measure R ex using the following relationship (2):
Three 2D experiments were recorded in duplicate and in an interleaved manner to obtain the intensities I zz , I α , and I β . The value hκi was obtained from the mean of all amide resonances within one standard deviation (trimmed mean) and did not exhibit chemical exchange. Due to site to site variations in magnitude and orientation of the chemical shift anisotropy tensor, fluctuations of R ex distributed around zero are typical for nonexchanging residues (1). However, this method does not require the high pulsing rates inherent to Carr-Purcell-Meiboom-Gill-based sequences which have been shown to cause instabilities when used on cryogenic probes for samples containing high salt concentrations (3).
Molecular Dynamics Simulations. Several different simulations were performed, including the catalytic subunit of protein kinase A (PKA-C) in its apo form, binary form with ATP, ternary form with the inhibitor PKI , and ternary form with the substrate (corresponding to the cytoplasmic domain of phospholamban, PLN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ). To study the effects of Mg 2þ , PKA-C with one Mg 2þ bound was also simulated, including binary and ternary complexes. The starting structure for the apo form came from the crystal structure Protein Data Bank ID (PDB) 1CMK, from which a PKI peptide was removed. The binary complex and PKI-bound complex came from PDB ID 1ATP. The ternary complex with PLN was obtained from an NMR docking study, which was obtained from chemical shift perturbations. During the docking, the PKA-C structure was taken from PDB ID 1ATP and limited flexibility was allowed for the backbone atoms. The backbone rmsd between 1CMK and 1ATP is around 0.3 Å, whereas the PLN-bound PKA structure has an rmsd of 0.6 Å with respect to 1ATP. In total, seven different simulations were performed. Each system was solvated in a cubic box of 80 × 80 × 80 Å 3 . Counter ions (K þ and Cl − ) were added to reach neutrality and an ionic strength of approximately 150 mM. Mg 2þ ions were not added to the solvent because negligible free Mg 2þ would be present under low Mg 2þ conditions used for NMR analysis (Mg 2þ :AMP-PNP was 1∶1.2).
All simulations were set up using CHARMM c36a1 (4) and production dynamics were performed with parallel and scalable program NAMD 2.7b1 (5). CHARMM27 force field (with 2D dihedral energy grid correction map) was used to describe all the molecular interactions with the TIP3P water model. After initial minimization, the system was gradually heated from 10 to 310 K every 30 K using 10 ps NPT simulations at each temperature. During minimization and heating, harmonic restraints were kept on nonwater and noncounter ions and gradually decreased from 25 to 3 kcal∕mol Ã Å 2 . The harmonic restraints force constant (3 kcal∕mol Ã Å 2 ) was applied to all heavy atoms of proteins during the initial 5-ns simulations in NAMD and removed afterward. All simulations in NAMD were performed at 310 K employing Langevin dynamics with a damping constant of 1.0 ps −1 and at 1 atm with Nosé-Hoover Langevin piston pressure control. Long-range electrostatic interactions were accounted by particle-mesh Ewald summation. A cutoff of 11 Å was used when evaluating nonbond interactions. Shake algorithms were applied to all bonds involving hydrogen atoms. The equations of motions were integrated using a reversible reference system propagator algorithm multiple step scheme with a time step of 2 fs.
Each system was simulated for 75 ns and harmonic restraints were applied to backbone atoms in the first 5 ns. We analyzed the rmsd of individual components of the systems as a function of time (Fig. S4A) . The initial structure after heating up from each simulation was used as a reference. To study the fluctuations of the PKA along the sequence, we used root mean square fluctuations (rmsf), which is the time average of rmsd for each residue (with reference to the average structure) during the simulation (Eq. S2). The last 40-ns trajectory (saved every 1 ps) was used for rmsf analysis.
where T is the total number of structures used and x iavg is the average coordinates for residue i after superimposing all backbone atoms.
The rmsd reports the overall fluctuations compared to the starting structure. The rmsds of each simulation are shown in The backbone fluctuations of each residue around its average position are characterized by its rmsf value, shown in Fig. S4 B and C. The rmsf values are independent of the reference structure used in the calculation. Using the starting structure or the last snapshot as a reference gives almost identical rmsf values. In Fig. S4 B and C, we compared the fluctuations of the apo form, the binary and ternary forms (both PKI-and PLN-bound) in presence of two Mg 2þ in the simulations. Within each simulation, the rmsf values were generally large for unstructured loops compared with α-helices and β-sheets. Overall, the apo form of PKA-C has the largest fluctuations and the inhibitor (PKI) bound form of PKA-C is most stable (lowest rmsf values). ATP-bound and PLN-bound forms of PKA-C are in the middle with similar fluctuations. Apo form remains the most flexible, whereas binary, PKI-bound, and PLN-bound have similar fluctuations due to increase in PKI-bound PKA-C. Although difference can be found between different binding partners, the relative order is dependent on the sequence positions.
In order to extract the large-scale motions, principal component analysis (PCA) was applied to PKA-C backbone atoms (N, Cα, C, and O) from the molecular dynamics (MD) trajectory. It has been widely used to study conformational space sampling of proteins using MD simulations trajectories, X-ray structure, or NMR structures (6, 7) .
We chose MD simulations of PKA-C bound to ATP∕PLN 1-20 in the presence of two Mg 2þ ions to perform PCA. Snapshots saved every 10 ps (7,500 snapshots) were used to construct a covariance matrix C, as in Eq. S3:
Prior to analysis, translational and rotational motions were removed by overlaying backbone atoms of two helical regions in the big lobe, including helix E (residue 140-160) and helix F (residue 217-233). In addition, the N-and C-terminal residues were excluded in the PCA analysis and only backbone atoms from residue 50 to 300 were used. By diagonalizing the covariance matrix C, a set of eigenvalues P and the corresponding eigenvectors V are obtained. P i corresponds to mean displacement along directions v i . The first several principal components (PCs), ranked according to their eigenvalues, account for a large percentage of the fluctuations. The first two PCs are shown in Fig. S4D , accounting for approximately 60% of the overall fluctuations. PC1 corresponds to the open and close motion between the small lobe and big lobe. PC2, instead, depicts a shearing motion of the small lobe orthogonal to the open-close motion.
The projection ProjðM;PC i Þ of any structure (trajectory) M onto the ith PC was calculated using Eq. S4:
where M bb is the backbone coordinates after overlaying M with the reference structure using the same two helix. We used the R and its Bio3d library for the PCA analysis (8).
Because we used the large lobe helices as a reference, the large lobe did not show large motions in each PC. When all backbone atoms are used for PCA and the covariance prepared by superimposing all backbone atoms, the PCA results are much noisier. The first five PCs accounts for nearly equal amount of variance (approximately 10%), with the first 10 PCs accounting for about 55% (Fig. S4D) . Although visual inspection clearly showed the existence of open-close between the small and big lobe, the N terminus showed large fluctuations in the first several PCs. A similar choice of references for PCA analysis has also been reported in the literature (6). Closed  1APM  1ATP  1CDK  1FMO  1JBP  1L3R  1RDQ  1U7E  2CPK   Intermediate  1BKX  1BX6  1JLU  1RE8  1REJ  1REK  1STC  1YDR  1YDS  1YDT  3IDB  3IDC  3DND  3DNE 
